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(57) Abstract 

A universal measuring apparatus for the determination 
of theological properties of viscous, viscoelastic and purely 
elastic materials measures said properties solely by axial 
movement of the mechanical measuring components of the 
apparatus ("axial rheometer"). The apparatus comprises a 
stiff metal frame (1, 2, 3) of which one horizontal part (3) is 
used as a mount for a force transducer (9) with little or practi- 
cally no deflection at full scale load and on which an ex- 
changeable piston-shaped holder (10) is mounted axially 
while the opposing part of the frame (1) forms a mount for a 
displacement transducer (4) of the micropositioner type 
which acts directly upon an axially moveable piston-shaped 
holder (6, 8), the micropositioner being able to cause an axial 
displacement and to continuously determine the axial posi- 
tion of the moveable piston-shaped holder (6, 8) with an accu- 
racy of approximately 0.1 uxn, thereby producing a deforma- 
tion in a sample (11) positioned between the sample holders 
(8, 10). 





FOR THE PURPOSES OF INFORMATION ONLY 

Codes used to identify States party to the PCT on the font pages of pamphlets publishing international 
applications under the PCT. 



AT 


Austria 


ES 


Spam 


MG 


Madagascar 


AU 
BB 


Australia 
Barbados 


FT 
FR 


Finland 
Ranee 


ML 


Mafi 


BE 


Befgjum 


GA 


Gabon 


MW 


Malawi 


BF 


Burkina Fasso 


GB 


United Kingdom 


ML 


Netherlands 


BG 


Bufcara 


HU 


Hungary 


NO 


Norway 


BS 


Benin 


rr 


ltafr 
lapan 


RO 


Romania 


BR 


Btaafl 


jp 


SD 


Sudan" 


GA 


Central Afrfcan Republic 


KP 




SE 


owcocn 


CF 




of Korea 


94 


Senegal 


OG 


Congo 


KR 


Republic of Korea 


SU 


Soviet Union 


CH 


Switzerland 


u 




ID 


Chad 


CM 


Cameroon 


LK 


Sri Lanka 


TO 


Togo 


DC 


Germany. Federal Republic of 


LU 


Luacnifaourg 


US " 


United States of America 


DK 


Denmark * 


MC 


Monaco- 







WO 90/08309 PCT/DK90/00010 



Apparatus for the performance of rheolo gical measurements on mate- 
rials . 



The present Invention relates to an apparatus for the performance of 
5 rheological measurements on viscous, viscoelastic and purely elastic 
materials for the determination of the rheological properties of 
said materials. Such instruments are generally designated as rheo- 
meters and nearly all instruments belong to two main categories: 
Rotational rheometers and axial rheometers. Rotational rheometers 
10 measure the rheological properties of materials through a rotational 
action which in some cases may be combined with a normal force 
measurement in the axial direction of the apparatus while axial 
rheometers measure the properties exclusively through axial motion 
of the mechanical measuring components. 

15 

The rheological properties of purely elastic materials are usually 
given in terms of the modulus (stiffness) or, alternatively, in 
terms of the compliance. In case of simple liquids, the rheological 
properties are given 1n terms of the viscosity. 

20 

Polymeric materials are viscoelastic, i.e., they exhibit properties 
which are characteristic of liquids and solids, both. This means 
that time and shear rate together play important roles in the 
measurements and in the reporting of the rheological properties of 
25 polymeric materials. 

Polymeric materials exhibit a stiffness which decreases with time at 
fixed deformation. This property is given in terms of the Stress 
Relaxation Modulus, G(t), which therefore is a decreasing function. 

30 Correspondingly, it has been found that polymeric materials creep 
under a fixed load, i.e., the deformation increases with time. This 
1s given in terms of the Creep Compliance, J(t), which therefore 1s 
an increasing function. These properties may also be given in terms 
of the dynamic-mechanical properties for which the properties are 

35 given as functions of the angular frequency u. The stiffness pro- 
perties are given by the Storage Modulus G'(&) and the Loss Modulus 
G" (w) while the creep properties are given by the Storage 
Compliance J'(u) and the Loss Compliance J" («). G"(o>) and J"(w) 
are measures of the viscous properties of the material. 
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The properties are linear at small deformations and small rates of 
deformation, I.e., the moduli are Independent of the magnitude of 
the. deformation and the viscosity is independent of the shear rate 
thus making It possible to calculate one type of property from 
another type of property. This is, however, not the case for large 
deformations and/or high rates of deformation. 

It is common to distinguish between the following main types of 
rheological measurements: 

Stress-Strain measurements which for simple sample geometries may be 
used to calculate a modulus. In some cases a flow limit is observed. 
This may be given in terms of modulus and deformation at the onset 
of flow. Some rheometers may further allow determination of stress 
and strain at the break point for solid-like materials. Several test 
geometries for the performance of stress-strain measurements are 
being used. 

Shear viscosity measurements which usually are performed at varying 
shear rates. This type of measurement is typically performed by 
shearing the liquid between two plates which rotate relative to each 
other (rotational vlscometry) or by applying a pressure to force the 
liquid through a capillary (capillary vlscometry). 

El operational viscosity measurements which usually are performed by 
stretching of a highly viscous cylinder which consequently decreases 
In diameter during stretching. 

Stress relaxation measurements during which the decrease in stress 
is measured as a function of time at a maintained deformation. 
Several test geometries are being used. 

. Creep measurements during which the increasing deformation Is 
measured as a function of time at a maintained load. Several test 
geometries are being used. 

Dynamic-mechanical measurements during which the properties are 
measured as a function of frequency. Several test geometries are 
being used. 
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It 1s often Important to be able to determine the properties of 
viscous, viscoelastlc as well as purely elastic materials on very 
small quantities of sample, e.g., a few grams or less. With the 
hitherto known techniques this has only been possible using 
5 rotational rheological instruments. So-called Universal Testing 
Machines of the axial rheometer type require, however, be used for 
fairly large, solid test pieces and determine polymer melt viscosity 
by the capillary method, a method which requires rather large 
quantities of sample. Universal testing machines of the axial 

10 rheometer type are not suitable for the determination of power law 
polymer melt viscosity by the so-called "squeezing flow" method with 
a constant moving plate velocity to be described below. The accuracy 
in the axial movement and in the determination of plate distance 
being insufficient in these machines in that it is an important 

15 feature of the "squeezing flow" method according to the present 
invention that as little as 30 mg of sample may be required for the 
determination of polymer melt viscosity. 

The properties of viscous materials are therefore usually determined 
20 using rotational rheometers while the mechanically simpler Universal 
Testing Machines of the axial rheometer type are used extensively 
for measurements on solid materials where large test pieces can be 
used. Both rotational rheometers and axial rheometers may be used 
for the determination of the properties of viscoelastic materials 
25 although rotational Instruments usually are being preferred for such 
measurements. 

The design and use of rotational and axial rheometers are known for 
example from U.S. Patents 3,933,032, 4,074,569 and 4,601,195 and 

30 from the German Patent Publications Nos. 2,522,362, 2,935,118 and 
3,240,666. So far, the construction of rheometers has been based on 
a principle according to which one unit - the actuator - has 
produced a deformation in the sample while a different, separate 
unit - e.g. based on a strain-gauge or a linear variable 

35 differential transformer - measures the magnitude of the deformation 
or displacement. In practice this has meant that the best obtainable 
accuracy of measurement has been limited to ± Ifm. Another 
disadvantage of the hitherto known technique 1s that in order to be 
able to perform all the main types of rheological measurements, a 



PCT/DK90/00010 



4 

laboratory has had to invest in both rotational and axial rheometers 
of which the universal rotational rheometers are more complicated in 
design, function and operation. 

It is therefore an object of the present invention to provide a 
rheometer which operates according to the simple principle of axial 
movement and which is truly universal in the sense that it can 
perform, all the above-mentioned main types of rheological measure- 
ments: Stress -strain, viscosity, stress relaxation, creep and 
dynamic-mechanical measurements, and which can perform these mea- 
surements on very small samples with different sample geometries and 
with an accuracy which is considerably better than ± 1 tm for the 
axial displacement. 

The object is obtained through a universal apparatus according to 
the present invention for measuring the properties of viscous, 
vlscoelastic and purely elastic materials, and which exclusively 
functions by axial displacements of the sample holders of the 
instrument ("axial rheometer"), and which consists of a frame made 
from metal or a similar material, and where the upper part of the 
frame is used as a mount for a displacement transducer which pushes 
directly on a downward pointing, exchangeable piston-shaped holder 
which travels in the axial direction, while the lower part of the 
frame serves as a mount for a force transducer or balance which 
operates in the axial direction and on whose top side is mounted an 
upward facing, exchangeable piston-shaped holder, and where the 
holders are shaped In such a way that between them they can hold a 
sample whose rheological properties are to be determined, and it 1s 
a characteristic feature of the instrument, that the displacement 
transducer is a rolcroposltlontng device which practically 
continuously both produces and with an accuracy of up to 0.1 [oa 
determines the variable distance between the sample holders while 
the latter are producing a deformation in the material sample during 
a vertical displacement of up to 50 mm, and that the force 
transducer with little or practically no deflection, using purely 
elastic or electromagnetic force compensation, is capable of 
measuring forces with a relative accuracy of up to IO' 7 of full 
scale, typically 40 N with an accuracy of about 0.1 mN in the whole 
range. 
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It is obvious for a person skilled in the art that although the 
Invention for reasons of simplicity are explained with the force 
transducer being mounted in the lower part of the frame, and the 
displacement transducer 1n the upper part of the frame the inverted 
5 mounting of the transducers might just as well be used if 
appropriate. 

The applied microposi tioning device, which may be of a type well- 
known from electro-optics, allows for a simple and easy determina- 
10 tion of the apparatus compliance, i.e., the combined effects of 
bending, stretching and compression of the various components under 
load, with an accuracy of up to 0.1 /mi at all loads in the interval 
of 0-100 N. 

15 It is a further characteristic of the apparatus, that its construc- 
tion also allows for accurate rheological measurements to be per- 
formed in the linear viscoelastic range with a total travel of the 
micropositioner of down to 0,01 mm (10 fan) from the first to the 
last measuring point, that it allows for the determination of 

20 physical dimensions and mechanical properties of both stiff and soft 
objects, including thickness and stiffness of soft objects such as 
soft contact lenses with an accuracy in thickness better than I /on, 
and that it allows for measurements of viscosity of liquids with an 
intermediate and high viscosity by squeezing the liquid between two 

25 parallel plates ("squeezing flow"). For this purpose the sample 
holders according to the invention are two horizontal plates one of 
which by the micropositioner is forced towards the other with steady 
and constant velocity over an interval a where 0<a<50 mm, and where 
the distance between the plates continuously is determined with an 

30 accuracy better than 0.2 /on. 

It is still a further characteristic of the apparatus according to 
the Invention, that the micropositioner via the sample holders can 
be controlled to produce deformations which may vary in an increas- 
35 1ng/decreas1ng way either continuously or stepwise. To obtain 
continuously changing deformations, a micropositioner which is a 
micrometer screw driven by a DC motor with angular coding (e.g., of 
the type ORIEL ENCODER MIKE®) and with a resolution of better than 
0.1 pm is used, while for stepwise changing deformations a 
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corresponding micropositioner which is a stepper motor driven 
micrometer screw (e.g., of the type ORIEL STEPPER MIKE®) is used to 
produce the stepwise changing positions with a resolution of down to 
0,5 /on. For measurements requiring a very small total travel, the 
5 micropositioner may further be of the integral -capacitance type with 
a resolution of better than I nm. Except for viscosity measurements, 
where a stepper motor cannot be used at very small velocities due to 
the transients produced by the stepping motion, the choice of 
micropositioner is determined partly by the required accuracy and 
10 partly by the time factor, since the stepper motor driven 
micropositioner is faster than the DC motor driven micropositioner 
the accuracy of the former being, however, only ± 1 /m. 

It is yet a further characteristic of the apparatus, that the 
15 exchangeable sample holders, between which a sample is positioned, 
are appropriately shaped for alternative performances of a number of 
different tests of the samples and for a quick exchange of samples 
as mentioned in the characterizing part of Claim 9, that a spring 
mechanism is used for forcing the upper holder firmly against the 
20 lower end of the micropositioner in order to reduce play during the 
up and down movement of the holder, and that a manually controlled 
eccentric is used to produce a quick, predetermined deformation in 
connection with stress relaxation and creep measurements, the 
constructional details of the eccentric appearing from the 
25 characterizing part of Claim 11. 

The apparatus is further provided with well-known technical means 
for interacting with computer equipment. 

30 The novel features of the invention are thus, that the apparatus can 
be used as a universal rheometer with small physical dimensions 
similar to those of small rotational rheometers while having the 
relatively simple mechanical construction of an axial rheometer as 
described above, that the apparatus can measure deformatlonal 

35 changes in materials for the total travel of the displacement 
transducer (up to 50 mm) with considerably greater accuracy (up to 
0,1 fm) than possible with Universal Testing Machines of the axial 
type, the apparatus according to the invention combining a small and 
very stiff frame with a surprising new application of a 
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micropositioner which is well-known from an entirely different 
technical area (electro -optics) - a combination which makes it 
possible to perform rheological measurements on very small samples 
and to use the rheometer according to the invention for the 
5 determination of polymer melt viscosity on very small samples by the 
squeezing flow method with constant velocity of the moving plate in 
which case the plate distance must be known with an accuracy of 
better than 1 fan at all loads, and that the micropositioner is used 
both for producing as well as accurately determining the variable 
10 distance between the sample holders of the rheometer whereby the 
usual application of a separate displacement transducer, for example 
an LVDT (Linear Variable Differential Transformer), for the 
determination of the deformation in a sample is avoided. 

15 The invention is explained in more detail in the following with 
reference to the drawings which schematically and by way of example 
show an embodiment of the invention in that: 

FIG. 1 is a front view of the rheometer In a version without an 
20 eccentric. 

FIG. 2 shows the upper part of a frame with an eccentric for making 
quick step strains. 

25 FIG. 3 shows schematically the rheometer connected to a personal 
computer. 

Referring now to FIG. I, the apparatus shown comprises a solid 
aluminum frame with sides 2, a bottom plate 3 and a detachable upper 

30 part 1, which is fastened to the sides 2 with threaded bolts 18 with 
knurled, disc-shaped handles* The bottom plate 3 is resting on legs 
16 and has been provided with three adjustment screws 14 with 
knurled disc- shaped handles 15 for adjustment of parallelism of the 
sample holders. The screws 14 carry a mounting plate 13 on which a 

35 force transducer is mounted with screws 5. 

The preferred force transducer is a digital balance of the type 
"Nettler PM 4000* with a digital display 12. An exchangeable piston 
shaped holder 10 is mounted on the digital balance axially in 
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relation to the mounting plate 13. The holder 10 may be provided 
with a flat surface on which a solid or a highly viscous sample 11 
may be positioned directly or on a metal plate or in a container or 
the like (10a in FIG. 3), and the surface may further be provided 
5 with a peripheral, vertical rim to ensure containment of liquid 
samples (10b in FIG. 3). Diametrically opposed vertical, upward 
directed knife-edged rims (10b in FIG. 3) may serve as supports for 
stiff, solid samples to be tested in a three-point bending procedu- 
re. A piston-shaped sample holder 8 is mounted in the upper part of 

10 the frame 1 axially in relation to the sample holder 10 and able to 
move freely in the axial direction. The upper-end 6 of the holder 8 
rests against the lower-end. of the microposltioner 4 which is 
fastened to frame 1 by means of a nut 7. The microposltioner 4 is 
surrounded by a protective guard 17. A coil spring 20 forces the 

15 flat end of the piston 6 against the movable end of the microposi- 
t toner 4 under a load of typically 5-10 N in order to reduce play 
during the up and down movements of the piston. Cut-outs 19 in the 
upper part of the frame 1 also allow easy servicing of the micropo- 
sltioner 4 and easy exchange of upper sample holder 8. 

20 

In FIG. 2 is shown the upper part of the frame 1' of another version 
of the apparatus. In this case an eccentric mechanism 21-24 is built 
into the frame to produce fast step displacements, e.g. for the 
performance of fast step strains 1n samples. A microposltioner 4' is 

25 mounted in a moveable, smaller frame 22 which slides in an opening 
in the frame part 1'. A circular disc 21 has been mounted eccentri- 
cally on a horizontal shaft in the upper part of the frame I' above 
the smaller movable frame 22. A handle 24 is fastened to the hori- 
zontal shaft, allowing the eccentric to be turned manually. The 

30 handle 24 rests In Its starting position against a stop 23 and the 
center of the eccentric 1s in this position 1 ram below the center of 
the horizontal shaft. Thus the eccentric 1n this version allows for 
a vertical displacement of the smaller frame 22 of up to 2 mm by a 
rotation of 180 degrees of the eccentric. 

35 

The smaller frame 22 and thereby the micropositioner 4' moves 
vertically in the upward direction under the action of coil springs 
20' when the eccentric 21 is turned counter-clockwise. The magnitude 
of the vertical displacement may be determined by the 
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ralcroposltloner with an accuracy of 0*1 /on. The smaller frame 22 and 
thereby the micropositioner may be displaced the same distance in 
the downward direction in less than 0.1 s when the eccentric subse- 
quently is turned in the clockwise direction until the handle 24 
5 hits the stop 23. In this manner it is possible to perform a fast 
and predetermined step deformation of a sample which is positioned 
between sample holders 8 and 10 as shown in FIG. 1. 

In the version of the apparatus as shown in FIG. 3, the apparatus is 
10 coupled to a control and data aquisition system consisting of a 
microcomputer 25, which controls the micropositioner 4' via a cable 
28, and a personal computer 26 which is coupled to the microcomputer 
25 and to the force transducer 9 with cables 29 and 30. The computer 
has a monitor 27 and a key board 31. The microcomputer 25 may be 
15 programmed in a manner which allows for changes in velocity of the 
micropositioner 4' without intermediate complete stops. This is of 
importance for making dynamic-mechanical measurements on liquids. 

When using the complete set-up as shown in FIG. 3 is used, 

20 measurements are made by positioning the sample, whose rheoTogical 
properties are to be determined, between the sample holders of the 
axial rheometer. The micromotor of the micropositioner is then 
started whereby the micropositioner moves the upper sample holder in 
the desired direction so that a deformation is produced in the 

25 sample. For simple sample geometries, the rheoTogical properties may 
now be calculated on the personal computer from the force measured 
by the force transducer combined with the also measured 
corresponding distance between the sample holders. In a preferred 
embodiment of the rheometer, the micropositioner is driven by a DC 

30 motor with angular coding and the micropositioner is controlled by 
an "Encoder Mike Controller", the micropositioner thereby not only 
moving the upper sample holder but also registering the position 
relative to a reference position by means of the "Encoder Mike 
Controller". The distance between the plates is therefore 

35 continuously known which means that the deformation in the sample 
may be calculated for simple geometries. 



WO 90/06309 



PCT/DK90/00010 



10 

CLAIMS. 

1. Universal measuring apparatus for making rheological 
measurements on viscous, viscoelastic and purely elastic materials, 

5 the apparatus functioning exclusively by axial movement of its 
mechanical measuring components ("axial rheometer") and having a 
frame {I, 2, 3) of metal or the like, the upper/lower horizontal 
part of the frame (1) being used as a mount for a displacement 
transducer (4) for controlling in the axial direction a 

10 dovmward/upward pointing, exchangeable, piston-shaped holder (6, 8) 
and an opposing horizontal part of the frame (3) being used as a 
mount for a force transducer or digital balance (9) to be actuated 
in the axial direction and on the upper/lower side of which force 
transducer an upward/downward pointing exchangeable piston-shaped 

15 holder (10) is mounted, the holders further having a shape allowing 
to hold between them a sample (11 J whose rheological properties are 
to be measured, characterized In, that the displacement 
transducer (4) is a micropositioner which with constant or varying 
speed produces and continuously determines the variable distance 

20 between the holders (8, 10) with an accuracy of up to 0.1 fm at all 
loads for the full travel of the micropositioner of up to 50 mm, 
making at the same time a deformation in the- sample (11), and in 
that the force transducer (9) is of a type without any substantial 
deflection at full scale load and which, using force compensation, 

25 measures forces with a relative accuracy of up to 10~ 7 . 

2. Universal measuring apparatus according to Claim 1, char- 
a c t e r i z e d in, that the micropositioner has means for the 
determination of the total compliance of the apparatus, I.e., the 

30 combined effects of bending, stretching or compression of the 
various components, with an accuracy of 0.1 /on at all loads within 
the range of 0 - 100 K. 

3. Universal measuring apparatus according to Claims 1 and 2, 
35 characterized in, that it has means for performing 

accurate measurements in the linear viscoelastic range with a total 
movement of the micropositioner (4) of down to 10 fm from the first 
to the last data point, in that it can determine physical dimensions 
and mechanical properties of stiff as well as of soft objects, 
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including thickness and stiffness of the soft objects, with an 
accuracy in the determination of thickness of better than 1 jan, and 
in that the micropositloner (4) for stress-strain measurements or 
for the performance of dynamic-mechanical measurements on materials 
5 further has means for making deformations which are changed 
increasingly/decreaslngly in either stepwise or continuosly. 

4. Universal measuring apparatus according to Claims 1 and 2, 
characterized in, that it has means for making 

10 viscosity measurements in liquids of medium and high viscosity, the 
two sample holders (8, 19) being shaped as two horizontal parallel 
plates which are forced towards each other with steady and constant 
velocity over a distance a, where 0<a<50 mm, the liquid in the space 
between the two plates being forced out from said space (the 

15 "squeezing flow" -method) while the distance between the two holders 
1s determined with an accuracy of approximately 0.2 van for the total 
load range of the apparatus. 

5. Universal measuring apparatus according to Claims 1 and 2 for 
20 the performance of stress relaxation and creep measurements on 

materials, characterized in, that it has a manually 
adjustable eccentric (21-24) for giving the sample a quick 
deformation of predetermined magnitude 1n the axial direction 
whereupon the force relaxation is measured by means of the force 
25 transducer (9) or the creep 1n the sample 1s measured by means of 
the micrppositioner (4). 

6. Universal measuring apparatus according to Claim 1, c h a r - 
acteri zed in, that the micropositloner (4) is a micrometer 

30 screw driven by a DC micromotor with angular coding and with a 
resolution of better than 0.1 pm for substantially continous posi- 
tion determinations. 

7. Universal measuring apparatus according to Claim 1, char- 
35 a c t e r i z e d in, that the micropositloner (4) is a micrometer 

screw driven by a DC microsteppermotor for a stepwise position 
determination with a resolution of down to 0.5 Aim. 

8. Universal measuring apparatus according to Claim 1, 
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characterized in, that the micropositioner (4) for 
measurements with a very small total travel is of the integral 
capacitance micrometer type with a resolution of better than 1 nm. 

5 9. Universal measuring apparatus according to Claims 1, 2, 3 and 
S 9 characterized in, that the exchangeable holders (8, 
10) between which a sample (11) is placed, have alternative shapes 
allowing for the following measurements: 

10 - Shear in the annul us between two vertical, coaxial cylinders. 

- Simple shear in a sample which is sandwiched between vertical 
plates of which two outer plates either individually or 
combined into one unit rest on the lower sample holder while a 

15 middle plate is moved in the axial direction by the 

micropositioner through the upper holder thereby providing the 
shear effect. 

- Compression of a vertical cylinder which is positioned 
20 between horizontal, parallel plates. 

• Simple extension of a vertical cylinder. 

• Three-point bending of a horizontal rod which is positioned 
25 on and supported at each end by the lower holder (10b) whereby 

the bending of the rod and the bending force are measured 
during the action of the upper holder on the mid-point of the 
rod between the two supports. 

30 10. Universal measuring apparatus according to claims 1 and 2, 
characterized in, that it has a spring mechanism (20) 
for providing a force which acts on the upper holder (6, 8) so that 
. the holder is in close contact with the lower end of the 
micropositioner (4) at all times, and so that play is counter-acted 

35 during the axial up-and-down movement of the holder. 

II. Universal measuring apparatus according to Claims 1, 2 and 5, 
characterized in, that the eccentric mechanism (21-24) 
which is positioned in the upper part of the frame (I') comprises a 
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circular disc (21) fastened eccentrically to a horizontal shaft 
which is provided with a handle allowing the eccentric disc to be 
turned relative to a reference position given by a stop (23), and in 
that a smaller frame (22) slidabel in the vertical direction is 
5 mounted in the upper part of the frame (1') and in which smaller 
frame the mi croposi toner (4') is fastened, the smaller frame (22) 
being able to move up and down under the action of the eccentric 
disc. 
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